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ABSTRACT: The active transport of micron sized 4′-pentyl-4-biphenylcarbonitrile (5CB) liquid crystal droplets propelled 
through an aqueous solution of tetradecyltrimethylammonium bromide (TTAB) as surfactant and glycerol as a solute, is in-
vestigated. On addition of glycerol, it was observed that the motion of active 5CB droplets exhibited a transition from smooth 
to a jittery chaotic motion. The motion was further found to be independent of the droplet size and the nematic state of 5CB. 
Upon conducting analogous experiments with Polyacrylamide (PAAM) as the solute, it was confirmed that a mere increase in 
viscosity cannot explain the transition. We propose the physicochemical interactions of glycerol with TTAB and 5CB, as the 
main cause responsible for the observed jittery motion. Presence of glycerol significantly enhances the rate of solubilization 
of the 5CB droplets resulting in a quicker re-distribution of the adsorbed TTAB molecules on the interface causing the droplet 
to momentarily stop and then restart in an independent direction. This hypothesis is supported by the time evolution of 
droplets size and interfacial velocity measurements in the presence and absence of glycerol. Overall, our results provide fun-
damental insights into the scheme of complex interactions emerging due to the presence of a non-reactive solute such as 
glycerol.   
INTRODUCTION 
Thermal fluctuation induced Brownian motion offers poor 
control over the motion of colloidal (10nm-1000nm) parti-
cles. Therefore, at these small length scales, where viscous 
forces dominate inertia (Re <<1), some unique propulsion 
strategies, different from the mechanism used by macro-or-
ganisms, are required. Biological microorganisms such as 
bacteria and unicellular protozoa, utilize appendages at-
tached to their molecular motors which are driven by the 
chemical energy extracted from the surrounding medium 
resulting in their net mechanical motion.1,2 This unique abil-
ity of the microorganisms to “self-propel” themselves has 
intrigued the scientific community over decades and in an 
attempt to fundamentally understand their motion, numer-
ous simulation and theoretical studies have been under-
taken.3–9 Lately, researchers have also started exploring ar-
tificial model systems known as “artificial active matter” or 
“artificial micro-swimmers”, which mimic the life-like mo-
tion of the micro-organisms.10–12 Unlike equilibrium Brown-
ian motion, these artificial active systems exhibits signifi-
cantly different transport characteristics. Upon carefully 
tailoring the design, these artificial systems can transport a 
cargo, perform an intricate task in microscopic domains and 
also tune the bulk material properties. Therefore, apart 
from providing fundamental insights into this out-of-equi-
librium motion, these systems contribute to attract tremen-
dous interest due to their potential application in diverse 
fields such as medicine, material science and environmental 
science. 13–17 
These artificial micro-machines do not rely on any external 
force for their propulsion. Instead, they use a local (particle 
level) force generated by the asymmetric interactions with 
the surrounding medium. One way, the desired asymmetry 
can be invoked is via incorporating an intrinsic asymmetry 
(shape or composition) in the particle itself. Janus colloids, 
in which two half sides of the surface of the particles are of 
different chemical compositions are widely used for self-
propulsion. Their chemical inhomogeneity generates an 
asymmetric interaction with the surroundings, which 
drives the particle by a mechanism known as self-diffusi-
ophoresis.12,18,19 
 
Another such class of artificial active matter is “active emul-
sions”10,20–23, where droplets of one fluid perform self-pro-
pelled motion while dispersed in another immiscible fluid. 
The most commonly explored system is of oil/water drop-
lets in surfactant filled water/oil medium. In these active 
emulsions, symmetry is ‘spontaneously’ broken in an other-
wise isotropic droplet, by rendering the surfactant concen-
tration along the interface non-uniform via some mecha-
nism. Asymmetric coverage of the surfactant at the interface 
creates a gradient in the interfacial tension () which drives 
the fluid at the interface from high  towards low , which is 
the well-known Marangoni flow. Since, there is no net exter-
nal force acting on the system, this interfacial flow propels 
the droplet towards the region of low interfacial tension.  In 
contrast to solid active Janus particles, these active droplets 
have the capability to self-deform24,25 while performing ro-
bust active motion. Therefore, these systems are considered 
as model systems to understand microbiological swimmers. 
In addition, due to their ability to exhibit chemotaxis21 and 
their bio-compatibility, these droplets are compelling seg-
ments for active matter engineering including drug delivery 
and other bio-medical applications.17 
 
Over the years, different approaches to invoke spontaneous 
asymmetry in isotropic droplets with uniform surfactant 
coverage, have been reported. One approach is to use local-
ized targeted chemical reactions such as hydrolysis26,27 and 
bromination22,28 of surfactant molecules which alter their 
surface activity. Numerous experimental reports have 
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utilized a similar approach of interfacial chemical reaction 
to achieve self-propulsion of droplets.23,29,30  Another popu-
lar approach is to utilize the adsorption-depletion of surfac-
tants triggered by micellar solubilization.21,31–33 Although 
the exact mechanistic details remain elusive, here we briefly 
discuss the widely accepted hypothesis. For bulk surfactant 
concentration above its critical micellar concentration 
(CMC), emulsion droplets disintegrate into smaller na-
nosized droplets/filled-micelles through the process of “mi-
cellar solubilization”.10,20,34 During solubilization, nano-
droplets are released by incorporating the surfactant mole-
cules from the interface of the parent droplet and from the 
free surfactant molecules present in the continuous phase. 
As a result, the droplet interface gets depleted of surfactant 
molecules, which is replenished by the breakup of free mi-
celles approaching the moving droplet. Due to the active 
motion, the front edge of the droplet gets more supply of 
free micelles compared to the trailing edge. Therefore, as a 
result of the two simultaneous processes the apex of the 
droplet always maintains high surfactant concentration in 
comparison to the trailing edge which further propels the 
droplet in the same direction. It is believed that at suffi-
ciently high surfactant concentration, minor fluctuations in 
droplets position and surfactant coverage can trigger the 
active motion. Theoretically, it has been shown that above a 
critical Peclet number a stationary isotropic Brownian 
droplet can become unstable, leading to an autonomous 
sustained active motion.32,33  
Different combinations of oil droplets in aqueous ionic sur-
factant solutions10,20–27,35 and inverse oil in water emul-
sions36 have been reported to display self-propelled motion 
through this micellar solubilization. Actively moving, ne-
matic liquid crystal (LC) droplets, are known to help in vis-
ualization of the flow-field inside the droplets. Experimen-
tally, 4-pentyl-4’-cyanobiphenyl (5CB) a thermotropic liq-
uid crystal in aqueous solution of ionic tetradecyltrime-
thylammonium bromide (TTAB) surfactant has been mostly 
studied.21,34,37,38 Using 5CB in TTAB aqueous solution as the 
model system, so far researchers have investigated a few 
fundamental aspects of the locomotion of the droplets in-
cluding the effect of the surfactant concentration and size of 
the droplet.37 Kruger et al. demonstrated that the nematic 
phase of the droplet causes the droplet to adopt a novel 
curling mode of motion.38 These droplets have also been 
demonstrated to exhibit chemotaxis and negative auto-
chemotaxis,21 certifying them to be the most ideal to study 
of biological microorganisms and cellular motion.  
An extensive literature survey suggests that previous stud-
ies typically have overlooked the presence of non-reactive 
molecular solutes in the continuous phase. Addition of such 
solute is expected to alter various properties of the system 
including viscosity, pH, interfacial tension etc., which can 
have a profound effect on the self-propelled motion. Fur-
thermore, to realize the goal of using these artificial active 
droplets in performing intricate tasks, it is critical to under-
stand the effect of these additional solutes. In this experi-
mental study, to the best of our knowledge for the first time, 
we have explored the effect of the addition of glycerol as a 
solute on the active motion of 5CB oil droplets. Properties 
of being thermally stable, its good miscibility with water 
and poor miscibility with 5CB39, made glycerol an ideal can-
didate.  
 
EXPERIMENTAL SECTION 
We dispersed thermotropic liquid crystal 4- pentyl-4′-cya-
nobiphenyl (5CB, Sigma Aldrich) droplets in aqueous solu-
tion of 6wt% trimethyl ammonium bromide (TTAB, Loba 
chemicals). Glycerol (Loba Chemicals) and polyacrylamide 
(PAAM, molecular weight ~ 600 kDa, Polysciences Inc.) 
were separately used as molecular solutes. 5CB droplets of 
size ~20m-100m were produced by vortexing the mix-
ture. Low concentration of 5CB ~ 0.15 v/v% was used to 
ensure low number density of droplets to avoid droplet-
droplet interaction. 
The emulsion was injected into a custom-made optical cell 
with vertical height of 100 m. Motion of isolated 5CB drop-
lets was observed using upright polarized optical micro-
scope Olympus BX53. An Olympus LC30 camera with 2048 
x 1532 pixels resolution was used to record the motion of 
the droplets. A thermal stage was mounted on the micro-
scope to maintain a constant temperature during the meas-
urements. Droplet tracking was performed with Image-J us-
ing an image correlation-based approach to obtain particle 
trajectories (X (µm), Y (µm) vs. t). 
Interfacial tension of 5CB in aqueous surfactant solution 
with varying TTAB concentration ( TTABc )with the addition 
of different solutes, was measured at 25 C using pendant 
drop contact angle meter (Data Physics OCA 35). A droplet 
of 5CB was produced in the aqueous phase and the contour 
Figure 1: Schematic representation of the experimental 
setup. The scale bar in the optical micrograph corresponds 
to 40m.  
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shape of the hanging LC droplet was fitted using Young-La-
place equation equation. A Rheometer (TA Instruments 
DHR3) with a couette assembly was used to measure the 
viscosity of the aqueous PAAM and glycerol solutions. 
 
 
RESULTS AND DISCUSSION 
To validate our experimental protocol, we first explored the 
motion of 5CB liquid crystal droplets in aqueous TTAB sur-
factant (6wt%) solution at constant temperature of 25C 
(see supporting videos S1-S3). Since, it is known that mi-
celles play a key role in the propulsion mechanism, main-
taining the bulk surfactant concentration >>CMC is consid-
ered to be a critical requirement.10,20,21 CMC for TTAB in wa-
ter ~ 0.13wt% which ensured that cTTAB (=6wt%) >> CMC. 
Since, the height of the optical cell is comparable to the 
droplet size, their motion remains mostly constrained in 2D 
(X-Y). In figure 2(a), we show few representative X-Y trajec-
tories of different sizes of active 5CB droplets for a duration 
of 100 s. Absence of any overall anisotropy in the trajecto-
ries confirm the absence of any noticeable bulk convection.  
Using the center of mass position of the droplets at different 
time intervals, 2D mean square displacement (MSD) vs t 
was calculated, figure 2(b). Parabolic nature of the MSD con-
firms the active motion. Displacements of the active drop-
lets are observed to be much larger compared to the typical 
Brownian MSD values (=4Dt) for the droplets of similar 
size. Here,
6
Bk TD
R
= is the Brownian Diffusivity obtained 
using classical Stokes-Einstein equation. Here kB is the 
Boltzman constant, T is the absolute temperature,  is the 
viscosity of the continuous phase and R is the size of the 
droplet. The trajectories also indicate a size-dependent 
droplet locomotion, with larger droplets (50µm-70µm) per-
forming random active motion, moderate size (20 µm-50 
µm) droplets showing spiral trajectories (curling motion) 
and smaller droplets (<20 µm) displaying relatively linear 
motion. This observed change in the mode of active 
transport with droplet size, is attributed to the viscous 
forces deforming the director field of the nematic 5CB drop-
lets. Increasing droplet size results in higher magnitude of 
the MSD values for same t, which suggests higher propul-
sion speed for larger size of the droplets. These observations 
of the control experiments are in agreement with the previous 
reports.37,38  
Next, to investigate the effect of the addition of molecular 
solute on the motion of active 5CB droplets, we repeated 
these measurements with the addition of 80wt% glycerol to 
the surfactant-laden aqueous phase (see supporting videos 
S4-S6). Again to ensure self-propulsion, through the meas-
urement of interfacial tension   w.r.t. TTABc  (see figure 1S) 
we confirmed that with 80wt% glycerol CMC(~0.45wt%)<<
TTABc (6wt%). The corresponding X-Y trajectories (~100 s) 
of active 5CB droplets, shown in figure 3(a), indicate an 
anomalous jittery behavior. Additionally, the fluctuations in 
the motion were observed for different size of droplets. In 
figure 3(b), we show the corresponding 2D MSD data. 
Clearly, the MSD values in presence of 80wt% glycerol is sig-
nificantly lower compared to the MSD obtained in the ab-
sence of glycerol. This suggests that glycerol significantly 
lowers the average speed, which is consistent with an ex-
pected slowing down due to the increased viscosity (
80 %wt glycerol water − ~40 Pa-s and water ~ 1Pa-s). We also 
notice, that in presence of 80wt% glycerol, there is no sig-
nificant variation in MSD values at different times for differ-
ent size of droplets, indicating that the average propulsion 
speed is not size dependent.  The Brownian fluctuations 
4D t for these droplets of similar size for t=100s were 
~0.16-0.28 m, which are significantly smaller than the ob-
served fluctuations (~10 m), confirming that the Brown-
ian motion is not responsible for increased randomness in 
the motion. For active colloids, it is well known that the 
change in direction of motion is influenced by the Brownian 
Figure 2: 5CB droplets in 6wt% TTAB aqueous solution: (a) Trajectories (~ 100 s) of active droplets with varying size. 19 m droplet 
shows linear, 28 m droplet shows curling and 51 m droplet shows random trajectory. (b) Mean square displacement with time. 
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rotational diffusivity 
38
B
r
k T
D
a
= . In active droplets, other 
mechanism such as interfacial instability etc., may also con-
tribute to the change in direction of active transport. None-
theless, the onset of this peculiar chaotic motion on the ad-
dition of glycerol to the aqueous phase, is in complete con-
trast to the theoretical expectations of reduced rotation in 
more viscous media. Through additional experiments, fig-
ure 3(c), we also observed that the fluctuations in an oth-
erwise smooth active trajectory, increases continuously 
with an increase in concentration of glycerol in the aqueous 
phase. The above observations clearly suggest that the cha-
otic fluctuations are non-Brownian in nature and the un-
derlying mechanism is solute induced, which we shall ex-
pand upon later. 
 
Using the X-Y data, we then also computed the average in-
stantaneous velocity (vinst). As shown in figure 4, in contrast 
to the average propulsion speed, despite 
80 %wt glycerol water − ~40* water , vinst values are comparable 
to the no glycerol case. This is indeed an unusual 
Figure 3: 5CB droplets in 6wt% TTAB aqueous solution with 80wt% Glycerol: (a) Trajectories (~ 100 s) of active with varying 
droplet size. (b) Mean square displacement (MSD) with time. Lines represent the MSD values for active droplets in just the aqueous 
solution as shown in figure 2(b). (c) X-Y trajectories of active 5CB droplets (~50 m) in 6wt% aqueous TTAB solution with varying 
glycerol concentrations. All Scale bars correspond to 100 m. 
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Figure 4: Comparison of average instantaneous speed (vinst). 
Inset shows the comparison of the persistence length (Lp), 
for active 5CB droplets in 6wt% TTAB aqueous solution.  
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observation, which we will discuss later in the article. Using 
vinst we further calculated the persistence length vp R instL =
for the active 5CB droplets. Here, R is the rotational time 
scale which is obtained by fitting the velocity autocorrela-
tion ( ) v ( ).v (0)inst instC t t= using following equation, sup-
porting figure 2S: 
2 /
( ) 4 ( ) v Cos( )exp R
t
instC t D t t
  −  =  + ……,. (1)  
Here, D is the Stokes-Einstein diffusivity,  is the angular 
velocity of the droplet. Consistent with the previous obser-
vations, addition of glycerol significantly lowers Lp com-
pared to no glycerol case, see inset to figure 4. Overall, we 
conclude that in the presence of glycerol 5CB droplets were 
propelled with similar instantaneous velocity with that in 
the absence of glycerol. However, due to frequent fluctua-
tions and change in direction their net drift and the persis-
tence length was significantly lesser. 
Now, we proceed to investigate whether the nematic phase 
of the 5CB droplet is the cause behind the observed chaotic 
motion.  At 25C, 5CB droplet is in the nematic phase which 
has been earlier shown to play a critical role in governing 
the mode of active transport in surfactant solution.37,38 In 
presence of TTAB the 5CB molecule s align perpendicular to 
the interface forcing a point defect to form at the core of the 
droplet. During locomotion in aqueous surfactant solution, 
it was observed that the defect moves towards the stagna-
tion point at the apex of the droplet. The viscous forces at 
the leading edge of the droplet try to displace the defect in 
the angular direction which are countered by the elastic 
forces of the liquid crystalline phase. For smaller droplets 
due to high elastic energy the defect remains unmoved, 
whereas for bigger droplets the defect dislocates to some 
equilibrium angle forcing the droplets to execute curling 
motion. On visualizing the 5CB droplet in 80wt% glycerol 
aqueous solution we noticed that the point defect fluctuated 
randomly in different directions (supporting video S7), con-
sistent with the jittery motion of the droplet. To investigate 
the exact role of the nematic liquid crystalline phase of 5CB 
on its chaotic motion in presence of glycerol, we carried out 
experiments at T=42C, which is above the nematic to 
isotropic transition temperature of 35C.40 Interestingly, 
the observed motion (supporting video S8) was similar to 
the motion at 25 C  and the droplet displayed chaotic mo-
tion, see figure 5(a). Therefore, it clearly establishes that the 
the nematic structure of the droplet is not responsible in 
originating the rapid fluctuations in the motion of droplet.  
Next, to understand the role of the increased viscosity on 
the observed chaotic motion, we examined the motion of 
5CB droplets in 0.8 wt % aqueous PAAM polymer solution 
carrying 6wt% TTAB (supporting videos S9-S10). Viscosity 
of aqueous polymer solution was nearly matched with that 
of the glycerol aqueous solution (figure 3S). Additionally, 
rheology measurements confirmed that for the experi-
mental time scales PAAM solution did not display any elas-
tic effects (see figure 3S). Figure 5(b) shows the trajectory 
of 5CB droplet (~51m) in 6wt% TTAB aqueous solution 
with PAAM. Clearly, the anomalous jittery motion of the 
droplets was absent, rather, the trajectories resemble the 
unperturbed motion typically observed in just the aqueous 
TTAB solution. Therefore, we conclude that the increased 
viscosity is not the underlying reason behind the anomalous 
motion of 5CB droplets in glycerol-water solution. 
Next, to explain the observed jittery motion, we focus on the 
continuous dissolution of the droplet leading to a linear de-
crease in size (-dR/dt > 0), in the course of their self-pro-
pelled motion. Continuous shrinkage of the active droplet 
has been attributed to micellar solubilization; a phenome-
non essential for the locomotion. Figure 6 compares the rate 
of solubilization of the droplets in 6wt% TTAB aqueous so-
lution with different solutes. It is clear, that in comparison 
to no solute and with PAAM as a solute, the presence of glyc-
erol results in a higher -dR/dt. In fact, upon addition of 
80wt% glycerol, rate of solubilization is approximately 3 
times to that in its absence. Since, propulsion is directly re-
lated to the solubilization mechanism, a higher -dR/dt in 
80wt% glycerol medium is consistent with the higher than 
expected vinst values despite a significant increase in the vis-
cosity. 
Figure 5: X-Y trajectory of (a) Isotropic 5CB droplet in 6wt% 
TTAB aqueous solution (b) Nematic 5CB droplet in 6wt% 
TTAB aqueous solution with 0.8wt% PAAM. Both scale bars 
correspond to 100 m. 
Figure 6: Rate of solubilization (-dR/dt) of the active 5CB 
droplets in different surroundings. Inset shows the corre-
sponding linear decrease in size (R) with time. 
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Before proceeding further, we briefly discuss the proposed 
mechanism for solubilization induced self-propulsion, fig-
ure 7. For simplicity, we can understand the mechanism as 
a sequence of following events. (i) Since the surfactant con-
centration is significantly >> CMC, the droplet easily en-
counters a free micelle from an arbitrary direction. The mi-
celle dumps free surfactants locally at the interface which 
reduces the local interfacial tension. By borrowing some ad-
ditional surfactant molecules already adsorbed on the inter-
face, a tiny oil droplet, in form of a filled micelle, is detached 
from the parent droplet. This process of micellar solubiliza-
tion disturbs the otherwise symmetric surfactant coverage 
and generates a surface gradient i.e. sc. (ii) This inhomoge-
neous surfactant coverage generates Marangoni slip along 
the interface. The slip drives the interface carrying surfac-
tant from the high-density region to surfactant-lean region 
(solubilization zone). The interfacial flow is accompanied by 
the surrounding fluid flow in the same direction and to con-
serve the overall linear momentum the droplet self-propels 
in the opposite direction. (iii) Once the droplet starts mov-
ing, it encounters more free micelles at the leading edge 
compared to the trailing edge. The additional surfactant 
molecules procured by the collisions with free micelles are 
immediately transferred towards the trailing edge. There-
fore, now, the solubilization mainly takes place from the 
posterior region of the droplet. (iv) The higher solubiliza-
tion in the trailing region further lowers the surfactant con-
centration. At the same time, the leading edge gets fresh 
supply of surfactants by encountering free micelles via ad-
vection. Therefore, a gradient (sc) is maintained which 
keeps the active motion sustained.  
Based on the above discussion, we can understand that the 
mode of self-propulsion of an active droplet depends two 
critical time scales, namely, the mean time-scale of surfac-
tant in-flux at the site of adsorption ( in flux − ) and their mean 
time-scale of migration away ( out flux − ) from the adsorbed 
region. Using these time scales we hypothesize a possible 
mechanism behind the unusual jittery motion in glycerol as 
described in the schematic shown in figure 8. If in flux − 
out flux − , the migration of surfactant away from the leading 
edge where fresh surfactants are being adsorbed is slow. 
Hence, a surface tension gradient will always be maintained 
forcing the droplet to perform sustained active motion in 
Figure 8: Schematic representation of the proposed mechanism behind the jittery motion observed in glycerol-water solution, 
in comparison to the usual unperturbed motion in absence of glycerol.   
Figure 7: Schematic illustration of the micellar solubilization 
induced self-propulsion of an oil droplet in aqueous surfactant 
solution. 
  
7 
the same direction. On the other hand, if in flux − > out flux − , the 
surfactant molecules adsorbed at the leading edge migrate 
quickly, before the adsorption of another incoming micelle. 
As a result, the droplet will momentarily loose the surface 
tension gradient and will come to a halt, until the motion is 
reinitiated in an independent direction resulting in a ran-
dom jittery motion. Using an analytical approach Schmitt 
and Stark33 recently proposed a random trajectory under 
similar conditions. A similar line of argument has been pro-
posed by other numerical predictions as well.41  
To confirm this hypothesis, we decided to identify the rele-
vant time scales i.e. in flux − and out flux − , in our experiments. 
Here, we assume, that adsorption of surfactant molecules 
due to the disintegration of free micelles in the vicinity of 
the droplet is instantaneous. Therefore, the overall rate of 
surfactant in-flux is limited by advection of the micelles to 
the apex of the droplet, hence ~
v
in flux
inst
R
 − . These incident 
surfactant molecules will migrate away from the apex to-
wards the back of the droplet, due to the solubilization (re-
lease of swollen micelles) generated Marangoni slip and dif-
fusiophoretic slip at the interface. To measure this migra-
tion time-scale we injected small 2 m (<<R) polystyrene 
particles as tracers to the optical cell with 5CB active drop-
let. Particles in the vicinity of the actively moving droplet 
were easily influenced by the resultant fluid profile in the 
bulk. It was observed that particles very close to the inter-
face experienced a sling-shot along the curvature opposite 
to the direction of motion of the droplet, see figure 9. Using 
the trajectory of these particles we estimated the slip veloc-
ity vslip at the interface using which the ~
v
out flux
slip
R
 − was 
calculated. In table 1, we compare the relevant time scales 
for a few of our experiments which supports our hypothe-
sis. 
To understand the faster migration of surfactant molecules 
at the 5CB droplet interface, we focus on the physico-chem-
ical effect resulting from the addition of glycerol. Although 
the exact concentration profile at the droplet’s interface is 
unknown, for simplicity we assume that the at the leading-
edge surface concentration will be close to CMC and at the 
trailing-edge  << CMC, where CMC is the surface  excess 
concentration at the interface in equilibrium to the bulk sur-
factant concentration of CMC. In that case, we can estimate 
the Marangoni slip as
Mv ~ ~
o CMC
s
i o i o
d
dc
c

 
   
−

+ +
. Here, o is 
the interfacial tension in absence of surfactant ( << CMC) 
and CMC is the interfacial tension at the interface with sur-
face excess concentration of CMC.  From the measured the 
variation in the interfacial tension () of 5CB in aqueous so-
lution with varying TTAB concentration ( TTABc ) with dif-
ferent solutes (see figure 1S), we see that for small values of 
c a linear decrease in  followed by a plateau at higher c was 
observed for all the systems. The concentration where the 
transition from a rapid decrease to a plateau region occurs 
is the CMC of TTAB in the respective continuous media.  
Based on these measurements, we calculate that vM,water > 
vM,Glycerol which is in contradiction to the experimental ob-
servations. We hypothesize, two possible reasons behind 
this: 
a. The accumulation of swollen micelles close to the 
droplet interface leads to a reduced concentration 
of free micelles which has been previously re-
ported to be responsible for negative-auto chemo-
taxis.21 Active oil droplet have been shown to avoid 
the trails filled with swollen micelles, and instead 
move towards untraced paths. Recent numerical 
studies29 have reported that the accumulation of 
free swollen micelles inhibit the transport of fresh 
surfactants to the interface. Therefore, we expect 
this phenomenon to contribute towards inhomo-
geneous surfactant adsorption at the interface. 
Since, in the presence of glycerol, the parent drop-
let releases more swollen micelles compared to 
that in just the aqueous surfactant solution, the for-
mer will experience higher c between the leading 
and the trailing edge. 
b. The faster rate of solubilization of 5CB droplet in 
glycerol leads to a faster release of swollen mi-
celles. These satellite droplets accumulate near the 
trailing edge and generate a non-uniform concen-
tration gradient across the droplet. We believe that 
the gradient of these released solutes (non-attrac-
tive) also create a chemiosmotic slip which further 
enhances the transport of the surfactant molecules 
at the interface i.e. augment vslip. In fact it has been 
reported that a hydrodynamic slip can enhance the 
interfacial transport by 10-100 times.42  
Finally, we set out to discuss the possible reasons for ob-
served higher rate of solubilization in the presence of glyc-
erol. The process of micellar solubilization is governed by 
the molecular interactions of different species and 
Table 1: Comparison of and for 5CB droplets in 
6wt% TTAB aqueous solution with and without glycerol. 
Figure 9: Time series snapshots of a 5CB active droplet (61 m) 
in 6wt% TTAB aqueous solution with 80wt% glycerol, with a 
tracer particle (2 m PS) near the interface (see supporting 
video S11)).  
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thermodynamic processes involved. Therefore, it is well es-
tablished that the process is extremely sensitive to numer-
ous physical and chemical factors including temperature, 
pressure, pH and presence of additives. Typically, additives 
which affect the CMC and the aggregation number in a mi-
celle, noticeably, are expected to produce parallel effects on 
solubilization as well. In ionic surfactant solutions, it has 
been observed that the addition of polar additives such as 
phenols and other alcohols can enhance the micellar solu-
bility. It has been proposed that such additives insert them-
selves between the adjacent surfactant molecules in a mi-
celle and they act as co-surfactants.31  
As discussed in the earlier sections and observed in our ex-
periments, the addition of glycerol was accompanied by 
modification of surfactant activity. Therefore, the discus-
sion above is suitable to our experimental observations and 
it is likely that the addition of glycerol significantly en-
hances the rate of micellar solubilization by altering the 
thermodynamic processes involved. This is clearly evident 
from the change in CMC of TTAB with addition of glycerol in 
water. The CMC in 80wt% glycerol-water solution, CMCGW ~ 
0.4wt%, which is significantly more than the CMC in pure 
water (CMCwater ~0.1%). A higher CMC in the presence of 
glycerol hints towards higher solubility of TTAB, consistent 
with previous study by Moya et al..43 The study also re-
ported that a higher solubility of TTAB in glycerol resulted 
in an increased aggregation number (Nagg) of TTAB, i.e., 
number of TTAB surfactant molecules present in a single 
micelle. In water, Nagg is ~30, which increases to ~70 for the 
case of ~80wt% glycerol-water solution. Additionally, we 
observed that the interfacial tension of 5CB in aqueous so-
lution of TTAB is always lower in the presence of glycerol 
compared to pure water. In fact, glycerol has been used as a 
co-solvent to enhance oil solubilization in spontaneous 
emulsification.44  Thus, we conclude that the observed cha-
otic motion of active 5CB droplets in the presence of glyc-
erol is primarily a consequence of glycerol enhanced micel-
lar solubilization. 
 
CONCLUSIONS 
In this article we have investigated the effect of addition of 
glycerol as an additive on the active transport of 5CB liquid 
crystal (oil) droplets in aqueous surfactant (6wt% TTAB) 
solution. In the absence of glycerol, our experiments 
demonstrated expected characteristics of the active motion 
of the droplets. Upon decreasing the droplet size, a decrease 
in self-propelled velocity, and a transition in mode of active 
motion from random to curling and then straight motion 
were observed. Addition of glycerol, however, resulted in a 
peculiar chaotic motion and fluctuations in trajectory were 
observed for all different droplet sizes investigated. The 
chaotic motion was also observed when the experiments 
were repeated at higher temperatures where 5CB droplets 
were in an isotropic phase. Additional experiments were 
performed using PAAM as an additive to achieve a similar 
increase in viscosity of the aqueous phase, as achieved upon 
the addition of glycerol. Interestingly, in the presence of 
PAAM the trajectories did not display any random fluctua-
tions and the motion was similar to the case of pure water 
with surfactant only. Through these measurements, we es-
tablished that the observed jittery motion in the presence of 
glycerol was neither due to the nematic phase of the droplet 
nor due to the enhanced viscosity. Another key observation 
was that, in the presence of 80 wt% glycerol, the rate of sol-
ubilization of the active droplets was around three times 
higher in comparison to that observed in just water or in the 
presence of PAAM.  
Overall, our observations suggest that the glycerol specific 
physico-chemical effects play an important role in the na-
ture of the active motion. By altering the activity of the sur-
factant molecules, evident from the increase in CMC and re-
duction in saturation interfacial tension for 5CB-surfactant 
solution interface, addition of glycerol, enhances micellar 
solubilization. The enhanced micellar solubilization results 
in faster migration of the surfactant molecules at the inter-
face in comparison to their influx time scale. Under these 
circumstances, the surfactant concentration gradient 
quickly re-homogenizes, bringing the droplet to a halt, until 
the motion is re-initiated from an independent direction. 
This hypothesis was further supported by our measure-
ments of the speed of tracer particles in the vicinity of the 
active droplets. 
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